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ABSTRACT 
A method of general perturbations utilizing Chebyshev series is used 
to investigate motionin the vicinity of the L4 triangular point of the earth- 
moon system. The model used is that of the very restricted four body 
problem for the earth-moon-sun system. A harmonic orbit, in the numer- 
ical sense, with respect to a rotating coordinate frame centered at L4 is 
found. The period of this harmonic orbit, being equal to the period of the 
disturbing force, is the same as the moonls synodic period. This orbit 
remains within 6860km of the L4 point. It describes two different size 
loops about L4, the smaller one traversed in 36 percent of the period. The 
disturbing force, being nearly periodic with half the moonls synodic period, 
gives rise to another orbit about L4 which is nearly periodic with half the 
synodic period of the moon. This orbit remains within 4574 km of the L, 
point for twelve periods investigated. Deviations from the mid orbit dur- 
ing this time is less than 381 km. 
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A HARMONIC L4 ORBIT 
FOR 
THE VERY RESTRICTED FOUR-BODY PROBLEM 
1. INTRODUCTION 
In some recent literature interest has been shown in the problem of the in- 
fluence of the sun on motion close to the libration points of the earth-moon sys- 
tem as well as motion about the earth and the moon itself. One possible model 
for the earth-moon-sun system in which the problem might be considered has 
been proposed by Su-Shu Huang (1960) , who called it the "very restricted four- 
body problem. '' Here the earth and moon describe circulzr orbits relative to 
one another, and their center of mass describes a circular orbit around the sun; 
all these orbits are Keplerian, lie in a plane, and no perturbations are  con- 
sidered. Using this model Huang studied the motion of a fourth body of an in- 
finitesimal mass in a similar manner as in the restricted three-body problem. 
He concludes this model gives a general idea of where the fourth body could o r  
could not go under given initial conditions when they are no longer very near the 
earth. Using a similar model Cronin et al. (1964) proved that under certain 
conditions the fourth body has a periodic motion, relative to a rotating coordi- 
nate frame, near each of the libration points of the restricted three-body prob- 
lem. Their proof is based upon assumptions concerning the masses and dis- 
tances of the bodies which are  not satisfied by the earth-moon-sun system. 
1 
Siferd (1965) used Huang's model for the earth-moon-sun system to gener- 
ate some periodic orbits. Using a numerical integration procedure, the equa- 
tions of motion for  the very restricted four-body problem were iterated upon 
utilizing a digital computer until some periodic orbits were obtained. By this 
technique eight periodic orbits, in the numerical sense, with a respect to a 
rotating coordinate system were found. Three periodic orbits were around 
the earth, three were around the moon, and two were around the earth-moon 
libration point (L1).  
obtained. 
No periodic orbits near the triangular points were 
Danby (1965) investigated the influence of the sun on motion close to the tri- 
angular points of the earth-moon system. He felt the very restricted four-body 
model inadequate for his investigation and therefore used a model in which the 
secular perturbations of the moon due to the sun were retained. The results 
may be said to strengthen the hope that stable motion around the triangular 
points of the earth-moon system is possible. Other investigators include Tapley, 
et al. (1963 and 1965) who used a model similar to the very restricted four-body 
model except the moon's orbit is inclined with respect to the earth-sun plane. 
The equations of motion for a particle near the triangular points of the earth- 
moon system are  numerically integrated on a digital computer for various ini- 
tial conditions. One result indicates that a particle placed initially at a triangu- 
lar point (L4) with zero relative velocity has an envelope of motion, centered at 
L4, going through a mode of expansion to a value of one earth-moon distance for 
2 
- the major axis followed by a mode of contraction to a value of 1/8 earth-moon 
distance for the major axis. The envelope repeats this sequence several times 
during the 2500-day period investigated. The nature of these data suggests that 
such a motion may persist for a period of time much longer than that considered 
in the study. 
The present paper uses the very restricted four-body problem model as 
proposed by Huang for the earth-moon-sun system. The merits of this model 
for the earth-moon-sun system are  still in doubt; however, it has been used in 
this study as a first  attempt to find orbits which remain near triangular points 
of the earth-moon system. Using a technique proposed by Carpenter (1966), a 
harmonic orbit in the numerical sense, with respect to the rotating coordinate 
frame and about the L4 triangular point of the earth-moon system is found. In 
addition, a nearly periodic orbit having half the period of the harmonic orbit is 
obtained. 
2. THE MODEL AND COORDINATE SYSTEM 
Consider an infinitesimal body of mass, m in a system of three bodies m l  , 
m2, and m3 which are the sun, earth, and moon respectively. Further assume 
that all four bodies remain in a plane so arranged that the center of mass, B of 
m2  and m3 is revolving around the center of mass , 0, of the entire system in a 
circular orbit and m2 and m3 themselves are revolving around B also in circular 
orbits. Table I indicates the numerical values used for this model, and Figure 
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Figure 1 .  Geometry of the Coordinate System at Epoch 
The right angle X ,  Y axis system with its origin at the center of mass of the 
earth is rotating at a uniform rate so as to keep the center of mass of the moon 
on the X axis. The masses m, m l ,  m2, and m3 are in the X ,  Y plane. A point 
L4, in the X ,  Y plane, is 60" from the X axis at lunar distance, a3, and in 
5 
advance of the moon% position. This point corresponds to a triangular point of 
the earth-moon system three body problem. 
3. THE HARMONIC ORBIT 
Using the model described the motion of an infinitesimal mass, m in the 
vicinity of the L4 point was investigated with the purpose of obtaining a harmonic 
orbit in the numerical sense. This harmonic orbit has a period equal to the 
period of the disturbing force, which for this model is the moon's synodic period. 
Musen's (1963) method is applied with the perturbations represented in Cheby- 
shev series as proposed by Carpenter (1966). hi this method the geocentric 
position vector, 7, of the mass m near the L4 triangular point is given by 
-+ + r = ( l + a ) r ,  + o G  
where CY and p are the components of the perturbations, ro is the position vector + 
in the fixed reference ellipse, a is the semimajor axis of the reference ellipse 
and 
n being the mean motion in the reference ellipse and t the time. The functions 
o! and can be represented by uniformly convergent series in the interval -1 5 
r l l b g  
6 
where the prime on the summation sign is used to indicate that the first term is 
to be factored by one-half. The Tk (7) are the Chebyshev polynomials defined by 
Tk (T) = COS[~COS-'T] 
where the coefficients of these polynomials are  given by CYk and p,. 
The synodic period for the model being utilized is given by the equation 
where n l  and n3 are the mean motions of the sun and moon respectively. The 
dimensionless time T is related to time t from epoch by 
r-- 
where t is zero at the epoch which is defined as the first time the mass m l  
crosses the positive X axis. 
Starting with initial conditions at r = 0 in the X ,  Y plane and near the L4 
point, an orbit was generated by using the Chebyshev polynomial procedure. 
Initial conditions corresponding to T of -1 and 1 were thus obtained. Using nu- 
merical partial derivatives from this orbit an iteration scheme was employed to 
match the initial conditions at T of -1 and 1. After several iterations this was 
accomplished, and the results are shown in Table II. The a' and 0' values, 
shown in this table, are derivatives of CY and p with respect to nt. Relative geo- 
centric errors  in position and velocity are indicated by the differences in Table 
11. These differences indicate agreement in ten significant figures which corre- 
spond to changes from T = -1 to T = 1 of 0.2 meters in the position vector, 
7 
TABLE I1 





8.90721044 1.43123468 7.84005032 
4.41178027 16.95842648 14.7369698 
8.90721028 1.43123517 7.84005038 
I I I 
I I I 
~- ~~~ 





 CY(+^) - c~(-1) = - 1 . 6 ~  lo-'' ~r'(+l) - a'(-1) = 6. O X  lo-'' 
P(+l) -p(-l) = 4 . 9 ~  lo-'' p'(+l) - @'(-l) = 3. Ox lo-'' 
+ i 
r ,  and 5 x meters per second in the velocity vector, r. From the numer- 
point of view it seems adequate to call this a harmonic orbit. 
Chebyshev coefficients for t h i s  orbit are  given in Table III. Using the initial 
conditions at epoch this orbit was extended for a total of twelve synodic periods 
(-1 I r I 25). This was done as a further check to insure the accuracy of the 
orbit. For this time period agreement with the initial orbit was eight significant 
figures in position and velocity. This is within the anticipated accuracy of the 
calculation. It was decided to plot the harmonic orbit with respect to a rotating 
coordinate system centered at L4. Referring to Figure 2 ,  a geocentric vector, 
ro , directed toward L4 has a magnitude, a,  defined by 4 
8 
TABLE III 
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Figure 2. Coordinate Systems near L4 
10 
where a is the semimajor axis of the reference orbit, kg is the earth's gravita- 
tional parameter and n is equal to the mean motion of the moon, n3. The a ,  
@coordinate system has its origin at;;', with a directed a l o n g z  and p at right 
angles to a in the direction of motion in the reference orbit. 
A Ea, 6 coordinate system has its origin at (1 + a,) To which corresponds to 
L4. The value of CY, is given by the quantity (a3 - a)/a where a3, the moon's 
semi-major axis, is taken to be 60 earth radii. 
The 8a component is directed along < and p is the same component previ- 
ously defined but translated parallel to itself to the L4 point. Utilizing the data 
given in Table III the harmonic L4 orbit is plotted, see Figure 3, using the 6a, 







Figure 3. A Harmonic L4 Orbit 
11 
p coordinate axes. Units for this plot a re  dimensionless with respect to the 
semimajor axis of the reference orbit. The harmonic orbit remains close to 
the L4 point having a deviation of less than 1.8 percent (6860km) of the earth- 
moon distance. This orbit is seen to describe two different size loops about L4, 
the time in the smaller loop is 36 percent of the period. Conversion to the usual 
x,  y coordinate system where x and y are centered at L4 parallel to 6a,  0 but 
have dimensionless units with respect to the semimajor axis of the moon is 
accomplished by the transiormation 
a x =6a-  
a3 
and 
Since the ratio (a3/a) is near unity there would be no noticeable difference by 
replacing 801 and p by x and y respectively in Figure 3, this matter being brought 
to attention for purposes of calculation. 
4. A NEARLY PERIODIC ORBIT 
Since the disturbing force is nearly periodic with half the synodic period of 
the moon, it is possible to find orbits which are  nearly periodic with half the 
moon's synodic period. One such orbit was obtained by approximately matching 
initial conditions at T of -1 and zero. The initial conditions are shown in Table 
IV. If the orbit were periodic with half the moon's synodic period, initial con- 
ditions at T of -1 and zero would match with those at T = 1. The agreement in 
12 
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a(0)  - a(-1) = - 5 . 6 9 ~ 1 0 - '  
p(0) -p(-l) = - 3 . 6 2 ~ 1 0 - ~  
a'(0) - a'(-l) = - 1 . 6 3 ~  lo-' 
p'(0) - p'(-l) = 2.37 x 
a(0) - a(+l) = 2 . 1 9 ~ 1 0 - ~  a'(0) - a'(+l) = 4 . 6 1 5 ~  
p(0) -/3(+1) = 6 . 3 8 ~ 1 0 - ~  p'(0) -@'(+l) = - 7 . 0 6 ~ 1 0 - ~  
initial conditions between r of -1 and zero is eight significant figures in position 
and velocity; however, between r of zero and one there is only five significant 
figure agreement. Further reduction of this difference between r of -1 and zero 
tended to increase the differences between zero and one. A plot of this nearly 
periodic L4 orbit in the s a ,  p coordinate system for T between minus one and 
one is given in Figure 4. Also shown is the envelope of the orbit for six synodic 
periods (-6 I r i 6).  During this time interval the orbit remains within 1 . 2  
percent (4574 km) of the earth-moon distance from L4. Deviations from the T 
of minus one to one orbit are  seen to be less than one tenth of a percent (381 km) 
of the earth-moon distance. During longer time intervals the deviations are 
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Figure 4. A Nearly Periodic L4 Orbit 
Using the Chebyshev polynomial approach, motion in the vicinity of L4 can 
be investigated for other models of the earth-moon-sun system. One of the 
more interesting models would include the moon moving in an eccentric orbit. 
With this model some insight may be gained as to the importance of the moon's 
eccentricity on motion near L4. The method is not restricted to simple models , 
e. g. , it is possible to study motion near L, using the actual motions of the prin- 
cipal bodies taken from a general theory or from an ephemeris. 
14 
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1. Derivation of system of equations f o r  matching initial condition at 7 of -1 
and 1. 
Let a ( - 1 ) ,  ,8(-1), a ' ( - 1 ) ,  P ' ( - l )  and a ( l ) ,  P ( 1 ) ,  a ' ( l ) ,  P'(1) be the values 
at 7 = -1 and +1 respectively. If small changes a r e  made in each of the pa- 
rameters at 7 = -1 these will result in changes in the parameters at r = +l 
and the ratios will give 
for a total of 16 numerical partial derivatives. Now suppose a (  -1 ), p(-1) , 
ut ( -1)  , and ,P'(-l) are replaced by a(-1) -t 8a , ,8(-1) + SP , a'(-1) + 8a' , 
P'(- l )  t SP' then to first order the new values at 7 = 1 will be 
17 
The object is to find sa,  Spy Sa' 
These 6 corrections will be the solution of the following system of equations 
Sp' such that the values at r = *1 are equal. 
- 
In the above system of equations the unknown are 
Sa , sp, sa' , and Spt thus the equations were inverted numerically to find 
these unknows. Denoting the matrix of partial derivatives by P where 
. 
and define the matrices 
[SA] = 
The system of equations can be written a s  
where I is the unit matrix. 
The desired inverse of 1 is system of equations L~ therefore 
[6A]  = (I - P)-' [AA] 
For the harmonic orbit the p matrix was found to be 
P =  
- 6.519783 -0.233560 
-19.707221 0.9242190 
- 0.773883 0.297094 
12.07645 0.37297 - 
2. Derivation of the velocity equation 
- 
-1.091679 - 3.707652 
4.682355 -10.352294 
0.436769 - 0.225023 
6.93592 1.72651 - 
The position vector, Y , of a body is given by 
r = 
4 
+ (1 + a )  ifo + ,8; + y aR 
19 
where a , p ,  y are the components of the perturbations ;fo, is the position 
vector in the fixed reference ellipse, a is the semimajor axis of the reference 
ellipse, R is the unit vector in the direction of the angular momentum of the 
-+ 
motion in the reference ellipse and 
' -  - -  1 d;'o 
n d t  w -  
n being the mean motion of the reference ellipse and t the time. Let prime 
denote derivative with respect to nt and take the derivative of the position 
vector, thus 
Since G = and G' = l/n2 d2;f&t2where Keplerian motion is given by 
-+ ' d2To =0 
d t 2  ro" ro" 
2 3 -  -n a r o  - - - - - -  
then G' = -( a/ro)3;o making these substitutions 
3. Converting relative geocentric e r ro r s  in position and velocity iRtt0 errers in 
meters and meters per second. From Table 11 the e r ro r s  were found to be 
nu = -1.6 x lo-'' b1 = 6.0 x lo-" 
A,8 = 4.9 x 1O-l' AP' = 3.0 x lo-'' 
20 
For motion in Le plane the position vector is given by 
-t r = (1 + a) Yo t p; 
in which Yo and G have the magnitude of the semimajor axis of the reference 
orbit, a = 59.756099826 earth radii. The position e r ro r  vector is given by 
A? = lrcl yo t Aj3G 
which has a magnitude of 
\A;\ = a i ( A a ) 2  -+ ( ~ p > 2  
= (59.756099826)(6378165.) i ( - 1 . 6  x + (4 .9  x 10-10)2 
= 0.196 meters 
For motion in the plane the velocity vector is given by 
;' = [-. - +y] yo t (p'  i- 1 i- a) w' 
since the reference orbit is circular a 
given by 
ro and the velocity e r r o r  vector is 
A;' = (Au' - Ap) -+ ro -t (Ap' t Act) G 
which has a magnitude of 
I ~ A T ' I  = an (h' - Ap);! t (Ap' + h)' 
21 
From Table I 
n = 9.6595278 x rad per hr. 
I 2.683202 x rad per sec. 
Inn;' I = [( 59.756099826)(6378165)] 
L2.683202 x )/[(0.6 - 4.9) x 10- 'o]2 + L(3.0 - 1.6) X ~ O - ' ~ ] ~  
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Nearly Periodic Orbit for 6.26246 spnodic Periods (4400 hours). 
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1 2  
14 
1 6  
18 
2 0  
22 
2 4  
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6 0  
62  
6 4  
6 6  
6 8  
7 0  
72  
7 4  
7 6  
7 8  
8 0  
82  
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n, x 106 
7457.2159 



































































0 . 0 0 ~ 1  
-0 .  U O U l  
0.UUIII 





n 4 i .  1539 
0.7828 
-v . ot42n 
-0.t4525 
Table B-3 
trrnonic Orbit for Seven Syna 
a, X l d  








































































6 9  
7 1  
7 3  
-0.2232 75 
1.0732 7 7  
-0.b443 79 
-0.1386 81  





-0.3 133 93  
0.1444 95 







































































































































































































Listing of CHBY, Subroutines, and a Sample Case. 
$JOB 1 2 0 3 9 0 0 3  126 M32RK M3081C1234 
$EXECUTE IBJOB 
S IBJOB SOURCErMAPrW 
SIBFTC CHBY DECKvM94rXR7 
C MOOIFIEO FOR THE FOUR BODY PROBLEM 
C ****** MOON MUST BE THE FIRST DISTURBING BODY CONSIDERED I N  THIS 
C VERSION OF fHE PROGRAM ****a* 
C 
C BETA, GAMMA) IN CHEBYSHEV SERIES 
CARPENTER, CHBY PROGRAM, C T U T E S  PLANETARY PERTURBATIONS (ALPHA. 
OOUBLE PRLCISION EKK,XJ,VISAISBtSEISN,SGtrSnrEPIPIQIR,EKsR~,  
1 P I ~ T W O P I r E P 2 r S 0 2 , S I 2 ~ C O Z ~ S G Z 2 r S H I N N R , S O ~ ~ l ~ C O ~ S N 2 ~ A ~ B ~ C m T H E T ~ D ~ L ~  
2 E ~ C O S C ~ S I N C ~ E S E ~ E C E ~ ~ K ~ D C O S , D S I N I C O S 2 C ~ S ~ N 2 C ~ X ~ V A L t V A L Z ~ F A C ~ Z K ~  
~ T W O S E s C N ~ t C N 2 r C N ~ ~ C N 4 r O N 1 , D N 2 r C N N , S A B r T C ~ ~  
4PEPOCH,DTCHEBePTCHEBrEPSl 
COMMON X I E K K I N T R M , N ~ ~ X J , V , S A ~ S B ~ S E ~ S N ~ S ~ Z ~ S M ~ E P ~ P ~ O ~ R ~ I P R ~ N T ~ N T I ~  
COMMON TRATIOIOXZRIZK 
DIMENSION X (  7 0 1 9 8 )  r A A ( 6 ) r Z K ( i ) r  V ( 3 )  I T I T L E t  12) 
DIMENSION A ( 3 ) r B ( 3 ~ r C ( 3 ) ~ P ( 3 ) r a O , R ( 3 ~ ~ ~ A L ( 3 r Z 1 3 ) ~ V A L Z ~ 3 ~ 2 ~  
1 FORMAT 64F15.7) 
2 FORMAT ~1HO8X1HXl7X4HTHEf4lXlHV~lP7Dl8ol~) 
3 FORMAT ( 8 0 ( 1 H 3 J J  
4 FORMATt34HOTHE MOTION OF G I N  DTCHEB DAYS IS, 
411PD23015,8H DEGREES) 
5 FORMAT (18 ,6P6F1204)  
6 FORMAT (24HOVALUE OF SERIES AT X I - 1  / l P 6 D 2 0 0 1 2 /  
6 1  24HOVALUE OF SERIES AT X I  0 / l P 6 0 2 0 0 1 2 /  
6 2  24HOVALUE OF SERIES AT X * + l  / 1 P 6 0 2 0 0 1 2 1  
7 FORMAT (26HO VALUE OF SERIES AT EPOCH/ l l X l H A 1 9 X l H 8 1 9 X  
7 1  lHC16X7HA PRIME13X7HB PRIME13X7HC P R I M E / / )  
8 FORMAT ( l P 6 0 2 0 0 1 2 J  
9 FORMAT (/2(7XlHKlX11HALPHA*loE6 ZXlOHBETA*loE6 lX l lHGACUIA* loE6 ) / I  
9 1  1 
10 FORMAT ( 2 (  1896P3F12.4) 1 
12 FORMAT ( 1 0 H  CARPENTER) 
1 3  FORMAT (22HOINTEGRATIa)J CONSTANTS/lHO~9X~HZK,11,5(17X2HZK,fl)~ 
15  FORMAT ( 9 1 8 )  
1 7  FORMAT (8HO T E P O C H ~ ~ X ~ H D T C H E B ~ ~ X ~ H P E P ~ H ~ Z X ~ H P T C H E B ~ ~ X ~ ~ ~ S ~ / ~ D ~ ~ O  
111) 
22 FORMAT (17HOTEST ZERO VALUES/lP6DZOo12) 
25  FORMAT (5HO K55X2HN113X2HN213X2HN3lZX4~COSEllX4HSINE/~~ 
2 6  FORMAT ( 1 5 r 4 8 X , l P 5 E 1 5 0 7 )  
29 FORMAT (26HO I N I T I A L  CONDITIONS AT X ~ ~ F 3 . 0 / 1 1 X 1 H A 1 9 X 1 H B l 9 X  
2 9 1  1HC16X7HA PRIME13X7H5 PRIME13X7tiC P R I M E / / )  
32 FORMAT (7HOVALID r F 1 0 o l r 6 H  THRU ~ F 1 0 . 1 )  
33 FORMAT ( 4 0 1 8 0 1 1 )  
3 4  FORMAT (18~OP3F12oO~lOX~lP3E1507) 
36 FORMAT ( 4 8 H J  N 1  NTRM ITRM IPRINT IPUNCH IC) 
37 FORMAT (28HOREFERENCE E L L I P T I C  ELEMENTS/ 
37 1 lH013X2HSA23X2HSE22X3H~2Z2X3HSX2~lP4D25ol5) 
38 FORMAT ~ ~ ~ ~ O ~ ~ X ~ H C O ~ ~ ~ X ~ H S M ~ ~ X ~ H S G Z ~ ~ O X ~ H ~ M I ~ R / ~ P ~ D ~ ~ O ~ S )  
39 FORMAT (lH013X2HSB22X3HSN2/1P2D25015l 
41 F O R M A f ( l Z A 6 )  
43 FORMAT( lH1)  
52 FORMAT (64HOVECTORIAL CONSTANTS REFERRED TO EQUATOR AND MEAN EOUIM 
52 1OX 195000/ 
5 2 2  1HO1OX1HP19X1HQ19X1HRl9Xl~l9XlH~l9XlHC/~lP6D2Ool~~~ 





C EK I5 THE GAUbSIAN CONSTANT 
C 
C EK=O.O1720209895D+OO 
C THE NLXT EK I 5  FOR EARTH(HEFo 
C 
C EP2 I S  NEWCOMB OBLIQUITY FOR 
C 
EK=4.461996918D+OO 
t P Z = 2 3 0 4 4 ~ 7 8 8 8 8 8 8 8 8 8 9  
EP=EPZ*RAD 
C 
C- 1 (Continued) 
I T E M )  U N I T S  FOR EK SQ ARE ER CUBE/HR S Q o  
JAN 0 1 9 5 0 9  23DEG 2 6 M I N  44.84SEC 
C ENTRY POINT FOR SUCCESSIVE CASES 
C 
55  CONTINUE 
DO 5 9  Is698 
DO 5 9  J=l ,  7 0 1  
READ ( 5 9 4 1 )  I T I T L E  
59 X ( J s I ) = O o  
C 
C I T I T L E  IS 7 2  bCD CHARACTERS USED AS A T I T L E  FOH THE RUN 
r c 






















N1+1 NUMBER OF SPECIAL VALUES 
NT RM NUMBER OF COEFFICIENTS (NOT TO EXCEED 7 0 1 )  
I TRM NUMLIER OF ITERATIONS FOR T H I S  RUN 
I P R I N T  =1 PRINT RESULTS ONLY 
=2 PRINT SPECIAL VALUES AND EXPANSION COEFFICIENTS 
=3 PRINT TEST QUANTITIES I N  FFD SuBROUTINk 
IPUNCH =1 DO NOT PUNCH COEFFICIENTS ON CARDS 
=2 PUNCH COtFFICIENTS 
I C  =1 I N I T I A L  CONDITIONS AT X = - 1  
=2 I N I T I A L  CONDITIONS A T  X= 0 
= 3  I N I T I A L  CONDITIONS AT X = + l  
READ ( 5 9 3 3 )  TEPOCHIDTCHEB~ E P S l  
TEPOCH J U L I A N  DATE OF THE EPOCH 
DTCHEB TIME INTERVAL I N  DAYS FOR V A L I D I T Y  OF THEORY 
E P S l  CRITERION FOR TRUNCATING COMPUTED SERIES (AFTER STATEMENT 410) 
RtAD ( 5 9 3 3 )  PEPOCHtPTCHEB 
PEPOCHI P T C H t b  ARE EPOCH AND TIME INTERVAL FOR DISTURBING PLANETS 
ASSIGN 5 7 0  TO NPUNCH 




I F  ( ITRM-1)  6 1 9 6 1 9 6 2  
6u PUNCH 1 2  
61 ASSIGN 5 6 8  TO NPUNCH 
6 2  CONTINUE 
R t A D  (5933) S A ~ S E ~ S O 2 ~ S I 2 r C 0 2 r S M I S G Z 2 r S M I N N R  
C 
C NOTATION FOR tLkMENTS OF OISTURBtD PLANET 
C SA SEMI-MAJOR A X I S  I N  EARTH R A D I I  
C SE LCCENTRICITY 
28 
Table C- 1 (Continued) 
so2 ARGUMENT OF PERIHELION (DEGREES) 
SI INCL INATION IDkGREkS) WITH RESPECT TO E C L I P T I C  
co2 LONGITUDE OF ASCENDING NODE (DEGREES) 
SM MASS OF DISTURBED PLANkT I N  U N I T S  OF EARTH MASS 
SGZ2 MEAN ANOMALY AT EPOCH (D€GREES) 
THE NtXT  CARL, Ib NOT N t k D t U  WHEN LARTH IS PRIMARY 
SMINNH M A S 5  OF INhtH PLANtTS (TO BE ADDED TO SOLAR MASS) 
A VALUE OF 23.445788888 PUTS BODY I N  E C L I P T I C  PLANE 
c 
RtAO ( 5 , 3 3 ) 2 k  
C 


















SA8 =SA / S 0 
WRITE ( 6 9 4 3 )  
WRITE ( 6 9 4 1 ) I T I T L E  
WRITE ( 6 9 3 6 )  
WRITE (6,151 Nl,NTRM,ITRM~lPRINT~lPUNCH,~C 
WRITE (6,371 SA,SE,502,512 
rJK I TE C02  9 SM 9 SGL2 9 S M I  NNR 
WRITE (6 ,391 569SN2 
WRIT t  ( 6 , 1 7 ) T t P O C H , D T C H t ~ r P E P O C H , P T C H ~ U , E P S l  
XJl=TtPOCH-DTCHtb/Zo 
XJZ=TLPOCH+DTCHEB/Zo 




( 6 9 38 1 
BK=2o*kKK/KAD 
VAL2 ARE THE I N I T I A L  CONDITIONS 
READ ( 5 9 3 3 )  ( ( V A L Z ( I , J ) r I = 1 , 3 ) r J = l r 2 )  
X J =  I C-2 
WRITE (6,291 X J  
WRITE ( 6 9 8 )  I ( V A L Z ( I r J ) , l = 1 , 3 ) r J = I r Z )  




Table C-1 (Continued) 
C 
C EACH CARD CONTAINS THE COEFFICIENTS OF T SUB K OF X AND 1 SUB K+1 




80 K l = K + l  
KP=K+2 
82 CONTINUE 
WRITE (6rlO)Kr(AA(I)rI=lr3)rKPr(AA(1) r I=$*6) 
I F  (K-1001)  80,92992 
I F  ( K 1 - 7 0 0 )  82982r70 
NTIMnKP 
DO 90 I ~ l r 3  
J=1+3 
X ( K l r I + 5 ) = A A ( I )  
X(KP, I+5)=AA(J)  
90 CONTINUE 




C CALL FFD TO REA0 DISTURBING PLANET DATA 
C 
CALL FFO L ITYPE)  
I T T R M t l  
C 
C ENTRY POINT FOR SUCCESSIVE ITERATIONS 
c 
94 ITYPE=2 
00 96 1 x 1 9 5  
DO 96 J n l r  7 0 1  
96 X L J , I l 4 .  
C 
C THE FOLLOWING OPERATIONS THRU STATEMENT 230 GIVE THE CHEBYSHEV 
C EXPANSION5 OF THE DISTURBING FORCES. THE EXPANDED QUANTITIES ARE 
C V ( 1 )  V ( 2 )  V ( 3 )  V ( 4 )  V ( 5 )  
C Ml*ADR 2 *M2*ADR M3+ADR COS(€)  S I N ( € )  
r 
L 
C WHERE M l r  M 2 r  M3 ARE THE SUBSCRIPTED QUANTITIES FROM THE EQUATIONS 
C FOR THE PERTURBATIONS, ADR IS THE FACTOR SMALL A/ SMALL R SUB ZERO, 
C AND E IS THE ECCENTRIC ANOMALY I N  THE REFERENCE E L L I P S E  
C 
X J=-1 D+O 
c 
C CALL FFD FOR F I R S T  SET OF SPECIAL VALUES 
C 
CALL FFD ( I T Y P E )  
THET=P I 
I F  ~ I P R I N T - 2 ~ 1 1 0 r 1 0 0 r 1 0 O  
WRITE ( 6 r 2 ) X J  rTHET r ( V ( 1 ) ~ 1 = 1 , 5 )  
DO 200 1 1 1 ~ 5  
100 CONTINUE 
110 CONTINUE 
V (  1)~.50+0*V( I 1  
2 0 0  CONTINUE 
c 
C COEFF ADO5 CONTRIBUTIONS OF SPECIAL VALUES TO SERIES COEFFICIENTS 
CALL CQEFF ( X J 9 V )  
E N l = N l  
DLL=P I /EN1 
30 
Table C-1 (Continued) 










CALL FFD ( I T Y P E )  
CALL COEFF ( X J t V )  
IF ( I P ~ I N T 1 2 ) 2 1 0 ~ 2 0 2 r 2 0 2  
WRITE ( 6 9 2 ) X J  ,THE1 r ( V t I ) r I m l r 5 )  
CONT I NUE 
X J a + l  .D+O 
C CALL FFD FOR LAST SET OF SPECIAL VALUES 
C 
CALL FFD ( I T Y P E )  
IF ( IPRINT-2)2149212,212 
THETaO. 
WRITE ( 6 9 2 ) X J  rTHET 9 ( V l 1 ) 9 1 = 1 9 5 )  
DO 220 I s 1 9 5  
212 CONTINUE 
214 CONTINUE 
V ( I ) ~ . 5 D + O * V ( i )  
220 CONTINUE 
C 
CALL C O W F  ( X J t V )  
N2=NTRM-lO 
DO 230 K=lsNTRM 
DO 230 I - z l 9 5  
X ( K ~ I ) P X ( K I I ) * F A C  
I F  ( I P R I N f - 2 ) 3 6 4 r 2 4 0 r 2 4 0  
WRITE ( 6 9 4 3 1  
WRITE (6941) I T I T L E  
WRITE (6925) 
DO 340 K-leNTRM 
KPIK-1  
WRITE (6926) KPI(X(KII) 9 I ~ l r 5 )  





C TEST ZERO VALUES OF X t K 9 1 )  THRU X ( K r 5 )  
C 
DO 362 It195 
Z K ( 1 ) * . 5 * X ( l r 1 1  
B K z l  
DO 362 K 1 3 r N 2 t 2  
BK=-BK 
Z K ( I ) = L K ( 1 ) + 8 K + X ( K r I )  
WRITE ( 6 r 2 2 ) ( Z K ( i ) ~ I ~ l r 5 1  
362 CONTINUE 
C 
C PERFORM SERIES INTEGRATIONS (THRU STATEMENT 410). THE PREVIOUS 
C VALUES OF THE PERTURBATION COEFFICIENTS ARE NO LONGER NEEDED. THE NEW 
C SERIES OCCUPY THE OLD LOCATIONS ( X ( K 9 6 ) 9  X ( K 9 7 1 9  X ( K 9 8 ) )  
c 
364 TWOSEt2.+SE 
X ~ 1 9 4 ) f X ~ 1 9 4 ) - T W O S E  
C 
31 
Table C- 1 (Continued) 
C MLTPLY ( I l r I 2 r 1 3 )  CAUSES THE SERIES X ( K S I 1 )  AND X ( K 9 1 2 )  TO BE 
C MULTIPLIEU AND THE PRODUCT TO BE STORED I N  x(K113)  
C 
CALL MLTPLY ( 4 9 l r 8 )  
x ( ~ ~ ~ ) = X ( ~ ~ ~ ) + T W O S E  
CALL MLTPLY ( 5 9 2 9 7 )  
DO 3 7 0  K = l r N 2  
X ( K ~ ~ ) ~ X ( K S ~ ) - X ( K ~ ~ )  
370 CONTINUE 
C 
C NTGRT (11912)  CAUSES T H t  SERIES X ( K I I 1 )  TO BE INTEGRATED WITH RESPECT 
C TO NT AND T H t  INTEGRAL TO BE STORED I N  X ( K 9 I 2 )  
C 
CALL NTGRT ( 8 9 7 )  
CALL MLTPLY’ ( 5 9 7 9 6 )  
CALL MLTPLY ( 5 9 1 9 8 )  
CALL ML’TPLY ( 4 9 2 9 7 )  
X ( K 1 8 ) ’ - X ( K 1 8 ) - X ( K * 7 )  
CALL NTGRT ( 8 9 7 )  
X (  1 9 4 )  r X (  1 r41-TWOSE 
CALL MLTPLY (497981 
X ( l r 4 ) = X ( l r 4 ) + T W O S E  
DO 390 K = l r N 2  
X ( K 9 6 ) S X ( K r 6 ) + X ( K r B )  
X ( K s l ) = - S E * X ( K * 4 )  
X ( l r 1 ) = 2 * + X ( 1 9 1 )  
CALL MLTPLY ( l r 2 9 7 )  
CALL NTGRT ( 7 ~ 8 )  
DO 400 K = l r N Z  
X ( K 9 6 ) = X ( K r 6 ) + X ( K 9 8 )  
X ( K 9 8 ) = 0 5 * X ( K 9 8 ) - 2 o * X ( K , 6 )  
.DO 3 8 0  K = l r N 2  




C ALPHA IS NOW I N  X ( K 9 6 )  
C 
C BETA 15 NOW I N  X ( K t 7 )  
X11,4)=X( l r4) -TWOSE 
CALL MLTPLY ( 3 9 4 9 1 )  
CALL NTGRT ( 1 r 2  1 
CALL MLTPLY ( 2 9 5 9 8 )  
CALL MLTPLY ( 3 r 5 r 1 1  
CALL NTGRT ( 1 9 2 )  
CALL MLTPLY (29491)  
DO 410 K = l r N 2  
X ( K 9 8 ) = X ( K r B ) - X ( K r l )  
CALL NTGRT ( 8 9 7 )  
410 CONTINUE 
c 
C GAMMA IS NOW I N  X ( K 9 8 )  
C 
C ESTABLISH TRUNCATION POINT, NTIMs FROM MAGNITUDES OF COEFFICIENTS 
C 
E P T S T = E P S l / l o E l O  
NTIM=NTRM+l 
DO 414 KZl rNTRM 
NT I M=NT I M-1 
DO 412 I = 1 9 3  
I F  ( A ~ 3 ( X ( N T I M , I + 5 ) ) - t P T S T )  41294169416 
L 
32 






WRITE (6943)  
WRITE ( 6 9 4 1 ) I T I T L E  
C 




DO 460 K = l * N T I M * 2  
Kl=K-1 
L=K+1 
DO 430 1=1*3 
J=1+3 
AA( I ) = X ( K r I + 5 )  
A A ( J ) = X ( L 9 1 + 5 )  
WRITE ( 6 ~ 1 0 ) K l ~ ( A A ( I ) r I ~ l r 3 ~ , K , ( A A ( I ~ r I P 4 , 6 ~  
4 3 0  CONTINUE 
460 CONTINUE 
C 
C EVALUATE SERILS AT EPOCH 
C 
00 5 0 0  I = l r 3  
DO 5 0 0  J = 1 9 2  
DO 5 0 0  K = 1 * 3  
V A L ( I ~ J I K ) = O ~  
5 0 0  CONTINUE 
00 5 2 0  I = l r 3  
I S = I + 5  
V A L ( I r l r l ) ~ o 5 * X ( l ~ I S ~  
VAL ( 1 9  1 9 2  ) = o  5*X ( 1 9  IS 1 
V A L ( I , 1 , 3 ) f o 5 * X ( l r I S )  
VAL ( I 9 2  9 l ) = O o  
VAL ( I 9 2 92 I Z O O  
VAL ( I 92 93 1900 
t l K = l  
F K = l o  . 
DO 5 1 0  K = 3 r N 2 * 2  
BKz-BK 
VALIIilrl)~VAL(I~lrl~-X(K-l~IS)+X(K,IS) 
V A L ( I i l r 2 ) ' V A L ( I * l * 2 )  + B K * X ( K * I S )  
V A L ( I I ~ , ~ ) ~ V A L ( I , ~ * ~ ) + X ( K - ~ ~ ~ S ) + X ( K I I S )  
CNl=(FK-2.)**2 
CN2- (FK-1  **2 
CN3=-BK*(FK-2.) 





V A L ( I * 2 , 3 ) ~ V A L ( l r 2 * 3 ) / E K K  
WRITE (6941)  I T I T L E  
WRITE (697)  
WRITE (696)  ( ( ( V A L ( I , J , K ) , I = l r 3 ) r J r 1 , 2 ) r K = l * 3 )  
XJSIC-2 
WRITE ( 6 9 2 9 )  XJ 
WRITt  (69 B ) ( ( V A L Z ( I t J ) r I = l , 3 ) , J = l r Z )  
.FK= FK+20 
5 1 0  CONTlNUE 
5 2 0  CONTINUE 
33 
Table C-1 (Continued) 
C 













Table C- 1 (Continued) 
WRITE (6t43) 
WRlfE (6t41 )ITITLE 
WRITE (6~9) 
DO 570 K=lrNTIHt2 
Kl-K-1 
L=K+1 





WRITE (6rlO)Klr(AA(I)rl'lr3)rKr~AA(I) r114t6) 
GO TO NPUNCH t(568t570) 
PUNCH 
CONTINUE 
5 rK1r ( AA t i r 1 -1 r 6  1 
C EVALUATE SERIES AT EPOCH ISHOULD EQUAL INITIAL CONDITIONS) 
C 
DO 580 Iplr3 
DO 580 J ~ l t 2  
DO 580 K=lr3 
VAL( I rJrK)'O* 
580 CONTINUE 





VAL ( i 92 r 1) -00 




DO 590 Kt3rN2r2 
BKm-BK 
FK+ FK+20 
V A L ~ I r ~ r l ~ ~ V A L ~ I r l r l l - X ~ K - l ~ I S l + X ~ K r I S ~  
VAL(Irlr2)'VAL(IrlrZ) +BK*X ( K r IS) 




V A L ~ I r 2 r l ) ~ V A L ~ I r 2 r l ) + C N l + X ~ K - l ~ I S ~ - C N Z + ~ ~ ~ r I S ~  
VAL t 1 t2 r2 )=VAL( 1 t2 r Z  1 +CN3*X( K-1 *IS ) 




WRITE (6.41) STITLE 
WRITE (697) 
WRITE (696) ( ( ( V A L ( I t J t K ) ~ I ~ l r 3 ) r J ~ l r Z ) r K ~ 1 ~ 3 )  
DO 602 ln1r6 





IF (ITTRM-ITRMI 94r610r604 




Table C- 1 (Continued) 
GO TO 55 
61U I F  (IPUNCH-1) 94~94,620 
620 ASSIGN 568 TO NPUNCH 
GO TO 94 
END 
SUbROUTINE FFD ( I T Y P t )  
UOUbLt P R t C I S I o N  ~ K ~ ~ X J , V I ~ A , ~ ~ ~ S E * S N * ~ ~ Z ~ ~ M ~ E P * P * ~ * H ~ E ~ * R A O * X ~  
1~A~rP7rP9rPllrP13~SA2~~llrC3lrSAP1SE~~SOPZ~SIP2rCOP2rSMP2~SGZP2r 
~ S M I N N R I S O P I C O P I S I P ~ S ~ ~ P ~ S N P ~ ~ P P P I Q P P , R P P , S B P * A P * ~ P ~ C P ~ P P ~ Q P ~  
3 K P r S M P ~ S M P A 2 r E K P ~ E N T , S G I E , S N E ~ C S E ~ O C O S ~ ~ ~ I N ~ D S ~ R T ~ E S E ~ E C E ~ ~ K ~ C O S E ~  
4 S I N E ~ S H , S R 2 , 5 R 3 , A D H ~ T A D R ~ 5 R Z I S 1 , 5 2 , E X ~ S R ~ ~ F ~ E N T P ~ S G P ~ C K l ~ C K 2 r C K 3 r  
5SPLrRH02rSHP2rSPV~HHO~CRHO~CSRP,TRATIO,D~Z~rXJP~ZKrCSl~CS2rSS2~ 
6HALFSE ,SEE *BARY r 6 R  
SIBFTC FFO DkCKrM94rXR7 
C SUBHOUTINt FOH COMPUTING SPECIAL VALUES OF DISTURBING FORCE 
OOLIbLE PRECISION PKl rPKZ*PK3rSRZDS 
CCIMMON X ~ ~ ~ K I N T H M * N ~ ~ X J * V ~ S A * ~ ~ * S ~ * S N * S G ~ * ~ M * ~ P * P ~ Q * R * I P R I N T ~ N T I M  
COMMON TRATIOrDXLRILK 
DIMENSION ~EP(9),SGLP(9)rPPP(3)r~PP(3)rRPP(3)rAP(3r9)*~P(3r9)* 
l C P ( 3 * 9 ) r P P ( 3 ) r O P ( 3 ) r K P ( 3 ) , S M P A 2 ( 9 )  r X (  7 0 1 * 8 ) *  Y ( 3 * 1 2 0 0 ) *  A A ( 6 ) 9  
3 5 P Z ~ 3 ~ r S W ~ ~ 3 ~ r S P V ~ 3 ~ r ~ H O ~ 3 ~ ~ I T I T L E ~ l 2 ~ ~ P ~ 3 ~ r Q ~ 3 ~ ~ R ~ 3 ~ ~ V ~ 5 ~ r  
2 N T P M 1 9 ) r S ~ Z ( 2 ) , S W ( 2 ) r S 1 1 2 ) r S 2 ( 2 ) , P E R T ( 3 ) , S ( 3 ) r S R V ( 3 ) * F ( 3 ) r E K P ( 9 ) r  
4 N F I R S T ( 9 ) * Z K ( 6 ) r 6 R ( 3 )  
1 FORMAT ( 1 2 A 6 )  
2 FORMAT ( l H l r 1 2 A 6 ~ 4 H  M r r I 2 )  
3 FOKMAT (4U18.11)  
4 FORMAT (1ZHJSMALL O k t G A F 1 5 0 7 r F 1 3 0 7 * 1 5 H  1 E C L I P T I C  ANU5X7HSMALL 
41 F l Z o & / l Z H  CAP O M t G A F 1 5 0 7 * F 1 3 0 7 r l 5 H  ) MEAN EQUINOX5X7HbMALL 
42 F15*7*6XZHER/8H bMWLL I F 1 9 0 7 ~ F 1 3 0 7 ~ 1 l H  ) 1950.09X7HSMALL N 
E 
A 
4 3  E 1 6 o & r 8 H  b t G / H H  / 7 H  G ZtROF20.7rFl307,20X7HStfALL Mt16.8)  
5 FORMAT (lHK9XlHA16XlH616XlHC13X6H P 10X6H U 10X7H R 1 1 )  
6 FORMAT ( 6 F 1 7 o B r 1 5 H  1 LQUATOR AND/ 
61  6 F 1 7 0 8 r 1 5 H  MEAN EQUINOX/ 
62 6 F 1 7 0 8 r 1 2 H  1 1 9 5 0 0 0 )  
7 FORMAT (1HO) 
8 FORMAT ( 6 F 1 7 0 8 9 1 5 H  1 P*QrR*SYSTEM/ 
8 1  6F17.8, 9H 1 OF/  
82 6 F 1 7 0 8 ~ 1 5 H  1 COORDINATES) 
9 FORMAT (1816P6F12.4) 
l U  FORMAT ~/2(7XlHKlXllHALPHA*loE6 ZXlOHBETA*loE6 lX11HGAMMA*lo€6 ) 6 X  
11 FORMAT 158HO K A * * 2 + F ( I )  SUk ALPHA*~ETAIGAMMA E r C O S ( E ) * S I N  
12 FORMAT (lHO~I3~1P018o10~E18o7~5D18o10) 
13 FORMAT ( 4 X ~ l P D l 8 ~ 1 O ~ E l 8 0 7 ~ 5 D l 8 ~ 1 0 )  
16 FORMAT ( 2 ( 1 8 * 6 P 3 F l 2 . 4 ) * 2 1 8 )  
it3 FORMAT ( 6 H  SNP = lPD24*15r6HRAD/HR)  
1017HSTORAGE//) 
1 1 1 ( ~ ) 6 X 6 H b K V ( I ~ l 2 X 6 H ~ R Z ~ 1 ~ 1 3 X 5 H 5 W ~ I ~ )  
14 FORMAT (25HO k DISTURBING PLANETS94X6HRHO(I ) )  
1 7  FORMAT (lH017X7HDEGkttS7X7HRAOIANS) 
I F  ~ 1 T Y P E - 2 1 1 0 0 ~ 3 0 0 * 3 0 0  
C 




1 0 4  
C THE 
CONT I N B t  
K E P I  TR=3 
K E P I  T R = 4  
CONTINUE 
SAB=SA/SB 
1F ( S E - O 0 2 5 ) 1 0 4 r 1 0 2 ~ 1 0 2  
RAD=2o*3o141592653569793/3600 
NEXT E K  IS FOR EARTH(REF0 I T k M )  UNITS FOR EK SQ ARE ER CUBE/HR S Q o  
36 
Table C- 1 (Continued) 
EK=4.461996918D+OO 
p 7~ 7./ 6. 
P ?= 9./ 8. 
P l l o l l .  / 10. 




C l l = l . S * S A 2  
C31=-15. *SA2/8 .  
M=O 
K 2 = 0  
C 




READ ( 5 , l ) I T I T L E  
W R I T E ( ~ ~ ~ ) I T I T L E I M  
C ****** MUON MUbT B t  T H E  F I R S T  D I S T U R B I N G  BODY CONS10LHt0 I N  T H I S  
C VERSION OF THE PROGRAM ****** 
READ (593) SkP~SEP(M)~5OP2~SIP2rCOPZISMP2rSGZP2,SMINNR 
C 




S I P r S I P 2  *RAU 
S G Z P ( M ) = S G Z P 2  *RAD 
SNP2 =SNP /RAD 
SNP=EK*DSUkT( l . + S M I ” - t + b M P Z )  /5AP*+1.5 
WRITE ( 6 , 1 7 1  
W R I T E ( 6 9 4 )  SOPZrSOP,SEP(M)rCOPZICOP,SAP,SIP2,SIP2,SIP,SNP2,~G~PZ, 
lSGZP(M1,SMPZ 
WRITE ( 6 , 1 8 1  SNP 
C A L L  PUROPZ (SOPISIP,COPIPPP,QPP*RPPS~P) 
SbP=SAP *DSQRT ( l . - S t P ( M ) * * 2 )  
DO 1 2 0  1-193 
A P ( I I M ) = S A P  * P P P ( I )  
U P (  I , M ) = S b P  *QPPL I ) 
C P (  I rM)=SAP *RPP(  1 ) 
W R I T E ( 6 9 5 )  




Table C- 1 (Continued) 
DO 1 5 0  I s 1 9 3  
A P ( I , M ) = S A P  * P P ( I )  
l jPLI,M)=S€JP * Q P ( I )  
C P ( I , M ) = S A P  * R P ( I )  
1 5 0  C O h T I N U k  
WRITE( 6 , 7  1 
WRITE(6rB)(AP(I,M)~ljP(I~M),CP(I~M),PP(I ) g Q P ( I  ) r R P ( I  ) 9 1 = 1 s 3 )  
SMP=SMP2/(1.+SMINNR+SM) 
SMPA2(M)=SA2*SMP 
EKP(M)=EKK*SNP / ( S N * T R A T I O )  
C 
C HkAU PtRTUHbATIONS.  A L L  C O E F F I C I E N T S  STORED I N  Y ARRAY 
C 
1 YO 
2 0 0  
2 02 
2 1 0  
2 2 0  
C 
N F I R S T ( M ) = K 2 + 1  
NTPMtM 1 PO 
W R I T E ( 6 r l O )  
REA0 ( 5 9 9 1 K 9 ( AA ( 1 1 9 I * 1 9 6 1 
KK=K+1  
K P = K + N F I R S T ( M )  
KP 1 = K P + 1  
I F  ( K - 1 0 0 1 ) 2 0 0 ~ 1 1 0 1 2 2 0  
K l = K P  
K 2 = K P 1  
I F  ( K 2 - 1 2 0 0 ) 2 0 2 , 2 0 2 , 1 9 0  
CONT I N U t  
NTPM( M 1 =K+2 
DO 2 1 0  I = l r 3  
J=1+3 
Y(IsK1) = A A ( I )  
Y ( I t K 2 )  s A A ( J )  
COlYTINUE 
GO TO 190 




W R I T E ( 6 ~ 1 6 ~ K ~ ~ A A ~ I ) t I = l ~ 3 ~ ~ K K ~ ~ A A ~ I ) , I n 4 ~ 6 ~ ~ K P ~ K P l  












S N E = D S I N ( S G  1 
CSk=DCOS I56 ) 
DO 310 f = l , K E P I T R  
€5E=SNE*S€ 
B K = ( S G  - E + t ! k ) / E C E  
CSE=DCOS( E 1 
SNE=DS I N (  E 1 
CONTINUE 
COSt=CSE 
S I NL=SNE 
c51 =COSE-SE 
ECE=lo-CSE*SE 
E ~ E + B K - . 5 * 8 K * B K * E S € / ~ ~ E  
38 
Table C-1 (Continued) 
C S Z . ~ O * C O S ~ ~ S E * ( O ~ - S I N E * * ~ )  
SSZ=SEE*SINE+SE*(SINE*COSE+3o*ENT) 
v t 4 1 =COS€ 
V ( 5 )=SI NE 




S R Z ( l ) = S A * C b l  
SRL(2 l=SB*b INE 
SW(l)=-SA*ADR*SINE 
Sl r l (Z )=  SB*ADR*COSE 
S14 1) = ADWCOSE 
S l ( Z ) =  ADR*SINE*SAB 
S 2 ( 1 ) =  -TAOR*SINE 
S Z ( Z ) =  TADR*CSl*SAB 
ALPHA=Z .*ZK ( 3  )+ZK( 1 1 +CSl+ZK( \  )?SINE 
CAMHA= Z K t 5 1 * C S l + Z K ( 6 ) * S I N E  
TAOR~Zo*AOR 
BETA ~ Z K ( 4 ~ + Z K ( l ) + S S 2 + Z K ( 2 ) * C S 2 - 3 . + E N T + Z K ~ 3 1  
C 
C N T I M  IS THE NUMBER OF TtRMS I N  THE SERIES FOR THE PERTURBATIONS 
C 
EX42 *X J 
IF ( N T I M - l ) 3 7 0 r 3 3 0 ~ 3 4 0  
3 3 0  ALPHA=*S*X(l ,6)  +ALPHA 
BETA =05*X(1 ,7 )  + W T A  
G A W A = o 5 * X ( l r 8 )  +GAMMA 
GO TO 3 7 0  
360 CONTINUE 




DO 3 5 0  I r l r N T R  
I l=NTR-I+2 
t i 2 = 0 l  
B l = B t  
3 5 0  CONTINUE 
JS= I S-5 
e z = E x * t i i - B z + x ( x i , i s )  
P E R T ( J S ) ~ O ~ + ( E X * B ~ - ~ O * B ~ + X ~ ~ ~ I S ) I  
ALPHAtPERT(1) +ALPHA 





3 6 0  CONTINUE 
3 7 0  CONTINUE 
r c 
C EXPAND SOLAR TERMS I N  POWERS OF PERTURBATIONS 
C 
SQ=S(l)*S(l)+S(2)*SI2)+50+513)*S(3) 
S R V ( l ) = S R Z ( l ) + S ( l )  
S R V ( 2 ) = S R 1 ( 2 ) + 5 ( 2 )  
SRV 3 I = S ( 3 1  
DELP(~~*(SRZ(~)*S(~)+SRZ(~)*S~~))+SQ)/SR~ 
C C l = C l l * S O / ( b R 2 * S R 3 )  
C C2pC 11 *OEL / SR3 
C ~ 3 ~ C 3 1 * D E L * ~ 2 * ~ 1 o ~ P 7 * ~ E L * ~ l ~ ~ P 9 * D E L * ~ l ~ ~ ~ l l * D E L * ~ l ~ ~ P l 3 * ~ E L ~ ~ ~ ~ ~ S R  
39 
Table C- 1 (Continued) 
C 1 3  
C F(l)=Cl*SRL(l)+C2*S(l)+C3*SRV(l) 
C F(2)tCl*SRZ(2)+C2*S(21+C3*SRV(Z) 
C F ( 3 ) =  c ~ * S ( ~ ) + C ~ * S R V ( ~ )  
C *+******** F ( l ) , F ( 2 ) r F ( 3 )  CHANGED T O  THOSE SHOWN BELOW******* '  
C PKl,PK2,PK3rSRZDS,Fl,FZ,F3 ARE DOUBLE P R E C I S I O N  
P K ~ I S A ~ / ( S R ~ * ( ~ . + D E L ) * * ~ ~ ~ )  
PK3=3.+PK2/bRZ 
P K 2 = S A 2 / S R 3  
SRZDS=SRZ(l)*S(l)+SHZ~Z)*S(2) 
F(I)=(-PKl+PK2)*SRV(l)-PK3*S~Z(l)*SRZDS 
F ( 2 ) = ( - P K l + P K Z ) * S R V ( 2 ) - P K 3 * S R ~ ( 2 ) * S R ~ D S  
F ( 3 ) = ( - P K l + P K 2 ) * S R V ( 3 )  
I F  ( I P R I N T - 3 )  3 7 2 , 3 7 1 , 3 7 1  
WRITE (6,121 K , F ( l ) , A L P H A ,  E , S R V ( l ) r S R Z ( l ) r S W ( l )  
WRITE ( 6 , 1 3 1  F ( 2 ) 9  BETA,COSE,SRV(2)rSRZ(Z),SW(2) 
WRITE ( 6 9 1 3 )  F ( 3 ) r G A M M A , S I N E , S K V ( 3 )  s S R Z ( 3 ) r S W ( 3 )  
3 7 1  WRITE (6,111 
372 CONTINUE 
C 
C NEXT TAKE THE D I S T U R B I N G  PLANETS 
C 
I F  ( I P H I N T - 3 ) 3 7 6 9 3 7 4 , 3 7 4  
3 7 4  WRITE ( 6 , 1 4 1  
3 7 6  XJP=XJ*TRAT IO+DXZR 
B R ( l ) = O .  
bR( 2 ) = 0 .  
BR(  3 ) = O D  
E X = 2  .*XJP 
DO 4 8 0  M=l ,NPLNET 
E N T P = E K P ( M ) * X J P  
SGP=SGLP(M)+ENTP 
E=SGP 
SNt=DS i N ( SGP 1 
CSE=DCOS(SGP) 
00 3 8 0  1 ~ 1 9 3  
ESE=SNE*SEP ( M I  
BK=(SGP-E+ESE) /ECE 
CSE=DCOS(E) 
SNE=DSIN(  t 1 
E C t + l . - C S E * S E P ( M )  
E=E+BK-.5*BK*BK*ESE/ECE 
380 CONTINUE 
C K l = C S t - S E P  (lull 
CK2=-SNE/(l.-SEP(M)*CSE) 
C K 3 = C S t / ( l . - S ~ P ( M ) * C S E )  
DO 390 10193 
S P Z ( I ) = A P ( I , M ) * C K l + B P ( I , M ) * S N E  
S~Z(I)tAP(I~M:*CK2+~P(IIM)+CK3 





GO TO 4 5 0  
410 JPP=NF 1 RST (MI 
ALP=.5*Y( l , JPP)  
b t P = . 5 * Y ( 2 r J P P )  
GAP=.5*Y(3 rJPP)  
GO TO 4 5 0  
420 CONTINUE 
40 
Table C- 1 (Continued) 
N T P = N T P M ( M I - l  
DO 440 ISp1~3 
8 2 x 0  0 
81=0. 
DO 4 3 0  IZ1 ,NTP 
I l = N T P - I + 2  
J P P = N F I R S T ( M ) + I l - l  
B Z = E X + ~ l - ~ 2 + Y ( I S , J P P )  
B 2 = 8 1  
B l = B Z  
4 3 0  CONTINUE 
J P P e N F I R S T t M )  
PERT ( I5 )=.5*( EX*B1-2. *B2+Y ( IS 9 J P P  ) ) 
440 CONTINUE 
A L P t P E R T ( 1 )  
B E P = P E R T ( 2 )  
G A P = P E R T ( 3 )  
4 5 0  CONTINUE 
RH02  -0 
SRP2=0. 
00 460 1 ~ 1 9 3  
SPV(I)~(l~+ALP)*SPZ(I)+BEPwSWZ(I)+GAP*CP(I~M)+BR(I) 
R H O ( I ) = S P V ( I ) - S R V ( f )  
R H 0 2 = R H 0 2 + R H O ( I ) * R H O (  I )  
S R P 2 = S R P 2 + S P V ( I ) * S P V ( I )  
CRHO=SMPA2(M)/(RH02*DSQRT(RHO2)) 
CSRP=SMPA2(M)/(SRP2*DSQRT(SRP2)) 
DO 4 7 0  1=1,3 
B R ( I ) = B A R Y * S P V ( I )  
F ( I ) =F ( I ) +CHHO*RHO L I ) -CSRP*SPV I 1 
470 CONTINUE 
I F  ( I P R I N T - 3 ) 4 8 0 , 4 7 1 ~ 4 7 1  
4 7 1  WRITE (6912)  M , F l l ) r A L P ,  ~ , S P V ( l ) , S P Z ( l ) r S W Z ( l  
WRITE (6913)  F ( 2 ) r B E P t C S E , S P V ( 2 ) , S P ~ ( 2 ) , S W Z ~ 2  
WRITE (6913)  F ( 3 ) , G A P , S N E , S P V ( 3 ) , S P Z o , S W t ( 3  
460 CONTINUE 
480 CONTINUE 
V ( 1 )  - F ( l ) * S l ( l ) + F ( 2 ) * S 1 ( 2 )  
V ( 2 )  = F ( l ) * S 2 ( 1 ) + F f 2 ) * S 2 ( 2 )  
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2 1  
3 )  
D I M E N S I O N  P 
C EP IS O b L I U U I T Y  
EPC=DCOS ( EP 
E P S = D S I N ( E P  
CCO=DCOS( CO 
S C O = D S I N ( C O  
CSO=DCOS(SO 
S S O = D S I N ( S O  
3)rQ(3)rH(3) 
OF E C L I P T I C  
C S I = D C O S ( S I )  
S S I = D S I N ( S I )  
P~1)=-csI*sso*sco+cso*cco 
T P 1  =+CSI*~SO*CCO+CSO*SCO 
TP2 =+SS I *SSO 
P ( 2 ) = k P C * T P l - € P S * T P 2  
41 
Table C-1 (Continued) 
Pi3 I=EPS*TP l+EPC*TP2  
Ql1l=-CSI*CSO*SCO-SSo*cco 
TP1 = csI*cso*cco-sso*sco 










Z IBFTC COEFF DECK*M94*XR7 
SUMROUTINE COEFF 
C COMPUTE CONTHIbUTIONS OF SPECIAL VALUES TO SERIES COEFFICIENTS 
DOUbLE P H t C I S I O N  XJ.V*X. TZIT~*TL*TWOXIEKK 
U I M t N S I O N  V l 5 1 . X i  7 0 1 * 8 l  
COMMON X t t K K r N T R M * N l r X J . V  
T2.l. 
T l = X J  
DO 100 I = 1 * 5  
x I l * I ) = X  l l r I I + V i 1 I  
x 12 .1 )=x  i 2 . l I + V I I ) * T 1  
TWOX=Z.*XJ 
DO 1 2 0  K=3*NTRM 
T2=TWOX*Tl-T2 
DO 110 I=1.5 
X I K * I I = X  l K * I ) + V I I ) * T Z  
1 1 0  CONTINUt 
12-11 




SUMROUTINE MLTPLY i I l r 1 2 r 1 3 I  
100 CONTINUE 
Z IBFTC HLTPLY DCCKsM94,XR7 
C PERFORM CHEMYSHEV SERIES MULTIPL ICATION 
C THE FACTORS AHk I N  X i K s J 1 1  AND X i K r J Z I .  THE PRODUCT GOES I N  XlK*J31. 
COMMON X i  701 .8 l rEKK1N 
UOUMLk PRECISION EKKrXeEX 
J l = I l  
J 2 =  I 2  
J 3 = 1 3  
DO 100 K = 1 *  7 0 1  
X I K  s J 3  1 EO. 
1 0 0  CONTINUE 
N l = N  
DO 1 3 0  K = l . N l  
EX =a. 
IM=N-K+l 
DO 120 I = l * I M  
L = I + K - 1  
EX * EX +XlIrJ1l*XiL~J2l+XiL~Jl~*Xll*JZl 
1 2 0  CONTINUE 
1 3 0  CONTINUt 
X iK*J3 )= .5 *EX 
X ~ 1 ~ J 3 ~ ~ X ~ 1 ~ J 3 l - ~ 5 * X ~ l ~ J l l * X l l ~ J Z l  
DO 1 5 0  K = 3 r N 1  
EX 4. 
1M.K-1 
DO 140 1 1 2 r I M  
L t K - I + l  
EX = EX + X i I r J l l * X I L * J Z l  
1 4 0  CONTINUE 
1 5 0  CONTINUE 
XiKsJ3)=.5*EX + X i K * J 3 l  
RE WRN 
END 
SUBROUTINE NTGRT i J l * J Z l  
S IBFTC NTGRT DECKsM94rXR7 
C PERFORM CHEBYSHEV SERItS INTEGRATION 
C THE INTEGRAND IS STORED IN X i K * . J l )  AND THE INTEGRAL I N  X I K s J Z I  
C THE FACTOR EKK COMES FROM D I N T I  = EKK 41 D I X )  
COMMON 51 701 .81*EKK*N 
UOUMLt P R t C I S I O N  EKKIXIEKZIEK 
I = J l  
J - J Z  
X i  1 * J l = O .  
EKZ=Z./EKK 
EKEO. 
DO 100 K = 2 * N  
EK=EK + EK2 
X I K s J I =  i X I K - l ~ I l - X I K + l r l I l / E K  
100 CONTINUE 
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Listing of INVT, Subroutines, and a Sample Case. 
SJOB 1 2 0 3 P 0 0 2  126 M32RK M 3 0 8 1 C 1 2 3 4  
*EXECUTE IBJOB 
s I bJ0B 
S I B F T C  I N V T  DECKsMY49XR7 
C 
SOURCE *MAP 9 GO 
DIMENSION C M ( 4 9 l ) , B M ( 4 9 4 )  
1 FORMAT(4018.1) 
23 FORMAT ~ 1 H L 1 3 X 2 H Z 1 1 4 X 2 H Z 2 1 4 X 2 H Z 3 l 4 X 2 H Z 4 1 ~ X Z H Z 5 1 4 X 2 H Z 6 / 4 X 6 P 6 F l 6 ~ 8 ~  
29 FORMAT (17HONORMAL E O U A T I O N S / l X )  
30 FORMAT(lP4t15.7r5X*lPE15.7) 
43 FORMAT t 1H1) 
4 1  FORMAT ( 1 2 A 6  1 
R t A O ( 5 9 1 )  ( ( b M ( I , J ) , I = l r 4 ) r J = l , 4 )  
R E A D 1 5 r l )  ( C M ( I i l ) r I = l r 4 )  
WRITE (6 ,481  
WRITE ( 6 ~ 4 1 )  I T I T L E  
WRITE (6 ,291  
CALL M A T I N V ( ~ M I ~ ~ C M , ~ , D E T E R M )  
Z l = C M I l , l )  
ZZ=CM(Z, l )  
Z3=CM( 3 B 1) 
Z4zCM ( 4 9 1 1 
WRITE (6 ,231  Z l , Z Z r Z 3 * Z 4 r Z 5 r Z 6  
RLTURN 
L NU 
SUBROUTINE M A T I N V ( k , ~ r B r M , O E T t R M )  
WRlTE(6,30)  ( ( B M ( I , J ) , J = 1 , 4 ) r C M ( I , l ) r I = l , 4 )  












4 U  
45 
















DIMENSION I P I V O T ( 4 ) , A ( 4 r 4 ) r B ( 4 r l ) r l N D E X ( 4 , 2 ) , P I V O T ( 4 )  
I N 1  T I  A L  I ZAT I O N  
OETERM=1.0 
DO 20 J = l r N  
I P I V O T ( J ) = O  
DO 550 I = l , N  
StARCH FOR P I V O T  t L t M k N 1  
AMAX=O 0 
DO 105 J = l t N  
I F  ( I P I V O T ( J ) - l )  60*105,60 
DO 100 K = l r N  
I F  ( I P I V O T ( K ) - l )  80*1009740 
I F  ( A B S  (AMAX)-ABS ( A ( J * K ) ) )  8591001100 
IROW=J 
I COLUM=K 
AMAX= A ( J 9 K 1 
CONTINUE 
CONT I N U E  
IPIVOT(ICOLUM)=IPIVOT(ICOLUM)+l 
INTERCHANGL ROWS 
I F  (IROW-ICOLUM) 
OETERM=-OETkRM 
DO 200 L=l,N 
Y 
TO PUT P I V O T  ELEMENT ON DIAGONAL 
1 4 0 r 2 6 0 ~ 1 4 0  
48 




205 I F ( M )  260926Ut210 













































B ( I COLUM. L ) =SWAP 
I N D E X ( 1 ~ l ) ~ l R O W  
INDEX( l t2 l~ ICOLUM 
P I V O T ( I I ~ A ( I C O L U H I I C O L U M I  
UIVIDE PIVOT ROW BY PIVOT ELtMENT 
A(ICOLUM9ICOLUM)=l.O 
00 350 L = l r N  
A ~ I C O L U M ~ L I ~ A ( I C O L U M t L ) / P I V O T ~ I I  
i f ( M )  380~3809360 
DO 370 L = l r M  
B ( I C O L U M , L ) ~ B ( I C O L U M I L ) / P I V O T ( I )  
REDUCE NON-PIVOT ROWS 
DO 550 L l m l t N  
IF(L1-ICOLUM) 400r550t400 
T=A ( L 1  I ICOLUM I 
A(L19ICOLUM)=O.O 
DO 450 L r l e N  
A ( L l t L ) ~ A ( L l ~ L I - A ( I C O L U M 1 L ) f T  
I F ( M )  55095501460 
DO 500 L= l rM 
b(LlrL)=~(LlrL)-~(ICOLUM,L),T 
CONT I NUE 
INTERCHANGE COLUMNS 
DO 710 1=1*N 
L=N+l- I  
I F  ( I N D E X ( L ~ ~ I - I N D E X ( L I ~ I I  6 3 0 r 7 1 0 ~ 6 3 0  
JROWnINDtXIL91) 
JCOLUMs I NOEX ( L r2 
DO 705 K = l t N  
SWAPnA ( K  9 JHOW ) 
A(KIJROW)=A(KIJCOLUMI 
A ( K 9 JCOLUH 1 =SWAP 
CONT I NU€ 
CONTINUE 




DO 800 1 6 1 ~ ~  
49 
Table C-2 (Continued) 
L O A T A  
7.6519783 LJO 19.707211 DO 0.773883 DO -12.07645 DO A 
0.23356 U 0  0.075781 DO -0.297094 DO -0.37297 DO ti 
1.091679 LJU -4.682335 00 0.563231 00 -1.72651 DO A PRIME 
3.707652 00 10.352294 DO 0.225023 D O  -5.93592 DO B PRIME 
0.000530009 D-6 0.001245303 0-6 0.000355989 D-6 -0.0308261 0-6 CONST 
00000 
NORMAL ECUPTICNS 
7.6519783~ oc 2.3356aoo~-ai 1.0916790~ 00 3.707652a~ 00 5.3000899E-10 
i.97onii~ 01 7.578iaoo~-o2 -4.6823550~ oo 1.0352294~ ai 1.2453030E-l19 
7.7308299E-01 -2.97C9400E-01 5.63231UOE-01 2.2502300E-01 3.5598900E-10 
-1.2076450E 01 -3.729700CE-01 -1.7265100E 00 -5.9359199E 00 -0.2609999E-10 
21 2 2  23 24 25 








Listing of CHVL, Subroutines, and a Sample Case. 
$JOB 1203P003 126 M32RK M3081C1234 
$EXECUTE I BJOB 
SIBJOB SOURCErMAP9GO 
SIBFTC CHVL DECK*M94,XR7 
C 
DOUBLE PRECISION S A ~ S ~ ~ S O ~ ~ S O I S I ~ , S I I C O ~ ~ ~ O ~ S M ~ S G Z ~ ~ S G Z I P I ~ T W ~ ~ ~ *  
X RADrEKrEP2rEP,SBrT IMErSG~ErSINEICOSE,ESErECErBKr  RVZIRNUMI 
X D E L H H O ~ P I Q ~ R ~ S N ~ ~ S N I D S Q R T I D C O S ~ D S I N I D E L T A E , ~ E L T A A ~ ~ E L T A G I  
X D E L T A I ~ U t L C O r D E L S 0 , D ~ L T A N ~ S A N E W I S E N E W r S O N E W ~ S I N E W ~ C O N E W ~  
X SGZNEWsSNNEW ~ A ~ B ~ C I D E L T A T , T Z E R O ~ X J D I D T C H E B I S M I N N R ~ E E K I T A U ~  
' X E X I D E L ~ ~ D E L Z ~ D ~ L ~ , A S T A R , B S T A R , ~ S T A R , D I F F  
DIMENSION XCi (3 r1001)  
DIMENSION A ( 3 ) r B ( 3 ) r C ( 3 )  
DIMENSION H ( 6 ) r  W ( 3 ) r R V ( 3 ) r R N U M ( 3 r  5 0 1 ) r D I F F ( 3 r 2 0 1 r 1 0 )  
DI MENS ION 
DIMIiNSION AA(7)rBB(7r7)r~M(4r4)rCM(4rl) 
DIMENSION P ( 3 ) 9 0 1 3 ) r R ( 3 ) r  DELRHO( 3 ) rRVZ( 3 1 
FORMAT (4018.1) 




FORMAT ( 1 P D 1 9 ~ 1 0 ~ 1 0 E l l ~ 2 )  
FORMAT ~/2~7X1HK1Xl1HALPHA*l~ElO2XlOHBET~~l~ElOlXllHGAMMA*l~ElO~// 
I TITLE ( 1 2  1 
FORMAT (1x1  
FORMAT (12H lD IFF tRENCtS)  
9 1  1 
1 0  FORMAT ( 2 ( 1 8 r 6 P 3 F 1 2 . 4 ) )  
1 4  FORMAT (lH015X5HALPHA7X5HBETA ~ X ~ H G A M M A ~ X ~ H A L P H A * ~ X ~ H B E T A *  6X6HCAM 
141MA*7X2HDA10X2HDB1OX2HDC~ 
15  FORMAT ( 1 4 1 5 )  
1 7  FORMAT (BHKDELTA TF1207 /6H TZEROF14*7/3H EPF17.7/8H JUL DAYF10.1* 
1718H DTCHEB F9.0) 
1 8  FORMAT (F10.1,6P9F12.4) 
1 9  FORMAT (21HO JD T A U ~ S G ~ I E ~ ~ X ~ H R Z E R ~ ~ X ~ H W ~ ~ X ~ H R ~ ~ X ~ H R N U M ~ ~ X ~ H  
~ ~ ~ A ~ B I C ~ X ~ H A ~ ~ B * ~ C * ~ X ~ H ~ A ~ D B I D C / O P F ~ O ~ ~ ~ F ~ ~ * ~ ~ ~ F ~ ~ ~ ~ ~ ~ P D ~ ~ ~ ~ O ~ ~ P ~ F ~ ~  
192 0 4  1 
2 0  FORMAT ( 1 0 X O P F 1 2 ~ 4 ~ 3 F 1 2 ~ 7 ~ l P D 1 8 ~ 1 0 ~ 6 P 3 F l 2 0 4 )  
2 1  FORMAT (32HKNEW €LEMENTS FOR DISTURBED BODY) 
23 FORMAT ~1HL13X2HZ114X2HZ214X2HZ3l4X~HZ4l~X2HZ5l4X2HZ6/4X6~6Fl6~8~ 
2 4  FORMAT (22HL CHANGE IN ELEMENTS//llXZHSAl6XZHSEl6X 
27 FORMAT (24HOROOT MEAN SOUARt E R R O R S / L H O ~ X ~ H A L P H A ~ O X ~ H  BETAlOX5HGAH 
X 2HSO16XZHSI16X2HC016X3HSGZl5X2HSN~7El8*8)  
271MA/bP6F15.61 
. 28 FORMAT (6P6F12.6) 
30  FORMAT ( lP7E15.7)  
311MA/6P6F15.6) 
33 FORMAT (4016.11) 
29 FORMAT (17HONORMAL EQUATIONS/lX) 
3 1  FORMAT (24HOMAXIMUM AbSOLUTE ERRORS/lHOBX5HALPHAlOX5H BETAlOX5HGAM 
36  FORMAT (26HONTIME IPRINT IELE IO IPRM) 
41 FORMAT ( 12A6)  
43  FORMAT(lH1) 
44 FORMAT (8HJSMALL A/D24.16) 
4 5  FORMAT (BHJSMALL E/D24.16) 
46  FORMAT I lZHJSMALL WEGA/D24.161 
47  FORMAT (BHJSMALL 1 / D 2 4 0 1 6 )  
48  FORMAT (10HJCAP OMEGA/D24*16) 
49 FORMAT (BHJSMALL M/D24016)  
5 0  FORMAT (7HJG ZER0/924.161 
51 FORMAT (BHJSMALL N / 9 2 4 0 1 6 1  
5 1  
Table C-3 (Continued) 
FORMAT ~ 1 H J 1 0 X 1 H P ~ 9 X 1 H P 1 9 X l H R l 9 X l H A l 9 X l H ~ 1 9 X 1 H C / ~ l P 6 D 2 O o l 2 ~ ~  
FORMAT (7HJSMINNR/024*16) 
P1=3.141592653589793 
T WOP I =2 *P I 
RAD=TWOPI/360. 
CONTINUE 
DO 5 9  I l l s 3  
DO 5 9  J=1,1001 
XG(1rJ)IOo 
READ ( 5 r 4 1 1  I T I T L E  




















NTIME IS NUMBER OF TABULATED DATES 
IPRINT CONTROLS PRINT 
ID GREATER THAN ZERO FOK TEST OF COORDINATE DIFFERENCES 
IPRM = 0 FOR SUN AS PRIMARY9 GREATER THAN ZERO FOR EARTH PRIMARY 
I E L E  = 0 FOR REGULAR RUN(2 ITERATIONS. 9 = NO. OF ITERATIONS FOR OTHER RUNS 
READ (5,331 S A ~ S E I S O Z ~ S I ~ ~ C O ~ ~ S M I S G Z ~ S S M ~ N N R  
READ ( 5 9 1 )  DELTATITZEROIXJD~DTCHEB 
TZERO IS STARTING T I M t  FOR EVALUATION COUNTED I N  DAYS FROM EPOCH 
UELTAT IS 5TEP INTERVAL FOR EVALUATION 
XJD IS JULIAN DATE OF TZERO 
OTCHEB IS TOTAL INTERVAL OF VALIDITY OF SERIES I N  DAYS 















WRITE (6943)  
WRITE I b r 4 1 ) I T I T L E  
WRITE (6,361 
WRITE ( 6 9 1 5 )  N T I M E I I P R I N T , I E L E I I D I I P R H  
WRITE (694415A 
WRITE 16 r45 )SE 
WRITE (69461502 
WRITE ( 6 r 4 7 ) S I Z  
WRITE ( 6 r 4 8 ) C 0 2  
WRITE ( 6 r 4 9 ) S M  
w k i T t  (6r501SGZ2 
WRITE ( 6 r 5 1 ) S N 2  
WRITE (6r53)SMINNR 
WRITE ( ~ , ~ ~ I D E L T A T I T Z ~ R O I E P ~ ~ X J D I D T C H E B  
WRITE ( 6 r 2 3 1 Z l r Z 2 r Z 3 r L 4 r Z 5 1 2 6  
WRITE (6,431 
WRITE ( 6 9 4 1 )  I T I T L E  
R tAU CHEbYCHtV S t R I t S  PLKTURBATION TERMS 




Table C-3 (Continued) 
90 READ ( 5 9  5 )  K1(H(I)r1=1*6) 
KP=K+l 




DO 110 I=lr3 
J=I+3 
XGIIsKl)=H(I) 
XG( I (KP )=H( J 1 
110 CONTINUE 
GO TO 90 
120 CONTINUE 
WRITE (69101 K I ( H ( I ) ~ I = ~ ~ ~ ) ~ K P I ( H ( I ) * I = ~ ~ ~ )  
C 
C READ GENERAL PERTURBATIONS TERMS 
C 
C READ COORDINATES 
r c 






IF (IELE) 184r184r182 
C 






CALL P O R D P Z ( S O ~ S I I C O I P ~ Q , R I E P )  
DO 186 1=lt3 
A( I )=SA+P I 1 )  
8( I ) = S B W (  I )  
C( I )=SA+R( I )  
186 CONTINUE 
WRITE (6952) ~ P ~ S ) I ~ ~ I ~ ~ R ~ ~ ~ I A ~ I ~ I ~ ~ I ~ ~ C ~ I ~ I I ~ ~ ~ ~ ~  
ASSIGN 322 TO NS1 
WRITE (6941) ITITLE 
ITRATN=ITHATN+l 
IF IIPRINT-l)192r192r190 
GO TO 194 
188 WRITE (6,431 
19U ASSIGN 323 TO NSl 
192 WRITE (6914) 
194 CONTINUE 
C 
C ZERO OUT BB(1rJ). 
C 
DO 196 1 x 1 ~ 7  
DO 196 Jxlr7 
196 BB( IrJItOw 
AAASO w 





















T I M E = - U t L T A T + T Z t R O  







COHPUTt ECCENTRIC ANOMALY. 
E=Sti  
S I N E = D S I N ( S G I  
COSE=DCOS(SG) 
SI NG=SI  NE 
CO5G=COSE 
DO 198 M=1,3 
ESE=SE*S I NE 
BK=(SG-E+ESE)/ECE 
COSE=DCOS( t )  
S I N E = U S I N ( E )  

















I F  ( N T R )  240r200,210 
A L P H A = . 5 * X G ( l r l )  
BETA =.5*XG(2,1) 
GAMMA=.5*XG(3,1) 
GO TO 240 
CONT iNCiE 
DO 2 3 0  I=1,3 
B2=O. 
B1=0. 
00 220 K=l,NTR 
I l=luTRZ-K 
b Z = E X + b l - B 2 + X G ( I , I l )  
8 2 = B 1  
B l = B Z  
CONTINUE 
CONTINUE 
A L P H A = H ( l )  









C EVALUATE GENtRAL PERTURBATIONS SERIES 
c 
C 







C COMPUTk PLRTURBATION VECTOR. 
C 
DO 2 9 5  I = l r 3  
RVZ(I )=P( I )*SA*(COSE-SE)+Q(I )+Q(I )*SB*SINE 
W ~ I ~ = C 1 * ~ - b I N E * A ~ I ~ + C O S E + B o I  
RV(I)=(l.+ALPHA)+RVZ(I)+~€TA*W(I)+GAMMA*C(I) 
2 9 5  CONTINUE 





3 1 5  




COMPUTk BB ( I r J 1 
AA ( 1 I =ALPHA-ASTAR 
AMA=AA ( 1 ) 
D A M X t A M A X l ( U A M X r A B S ( A M A )  
AAA=AAA+AMA*AMA 
AA(Z)=COSk-SE 
A A i 3 ) = S I N E  
DO 310 J = l t 4  
DO 3 1 0  I = J r 4  
BBIIrJ)=BBiIrJ)+AA(I)*AA(J) 
AA ( 4 =2 
AA(l)=bETA-BSTAR 






AA( 5 )=1 
DO 315 J = l r 5  
DO 315 I = J r 5  
BB(IrJ)=B&(IrJ)+AA(I)*AA(J) 
AA(l)=GAMMA-GSTAR 








DO 320 ..lo697 
DO 3 2 0  1 = J r 7  
ATA=ALPHA 
B B ( I r J ) = B B ( I , J ) + A A I I ) + A A ( J )  
55 









GO TO N S l ~ ( 3 2 2 r 3 2 3 )  
GO TO 324 
WRIT€ (6919) D A Y I T A U I H V Z ( ~ ) ~ W ( ~ ) ~ R V ( ~ ) ~ R N U M ( ~ ~ N ) ~ A T A ~ A T S ~ D A T  
WHITE (6.20) S G Z I R V Z ( Z ) ~ W ( ~ ) ~ R V ( ~ ) ~ R N U M ( ~ ~ ~ ) ~ B T A ~ B T S ~ D B T  
WRITE (6 r20 )  E ~ ~ R V Z ( ~ ~ ~ W ( ~ ) , R V ( ~ ) ~ R N U M ( ~ ~ N ) . G T A I C T S I D G T  
DO 325 J=395 
IJ=J-1 
DO 325 I=2rIJ 
325 ljti( 19J)=Bb(J,I) 
88(6 ,7)=88(7r6)  
DO 330 1 ~ 1 9 4  
C M ( l ~ l ) ~ - b t i ( l + l r l )  
UO 330 J = l r 4  
330 B M ( l r J ) = B B ( I + l r J + l )  
WRITE ( 6 9 4 3 )  
WRITE ( 6 9 4 1 )  I T I T L E  
WRITE ( 6 9 2 9 )  
CALL M A T I N V ( ~ ~ M I ~ , C M ~ ~ ~ D E T E R M )  
322 WRITE (6918) D A Y I A T A I B T A ~ G T A ~ A T S ~ B T S * G T S ~ D A T * D B T ~ D G T  
323 CONTINUt 
324 CONTINUE 
















































E N T I M E = N T l k E  
A A k = S U H T ( A A A / E N T I M t )  
d B B = S O K T ( b B B / t N T I M E )  
GGG=SQRT(GGG/ENTIME) 
WHITE ( 6 9 3 i )  DAMX,DbMX,UGMX 
WRITE ( 6 , 2 7 1  AAA9BBbrGGG 
WHITE (6,241 UELTAA,DtLTHE,DtLSOIDELTAI ,  
X DtLCO,DtLTAG,UtLTAN 
WRITE ( 6 9 2 1 )  
W R I T t  ( 6 9 4 4 1 5 A N t W  
WRITE (6945)SENEW 
W K I T t  (69461502 
W R I T t  ( 6 9 4 7 1 5 1 2  
W R I T t  ( 6 r 4 8 1 C 0 2  
WRITE ( 6 r 4 9 1 S M  
WRITE ( 6 9 5 0 3 5 6 2 2  
WRITE ( 6 9 5 1 1 S N 2  
WRITE ( 6 r 5 3 ) S M I N N R  
COMPUTE CHANGfiS I N  I N I T I A L  CONDITIONS 
SG=SGZ 
E =SG 
S I N L = D b I N ( S G )  
COSt=DCOS(SG) 
UO 340 M=1,3 
ESE=SE*SIhE 
ECE=l.-SE*COSE 
B K = ( S G - t + k S E ) / E C E  
COSE=DCOS(t )  
S I N E = D S I N L k )  






D B = Z 4 + Z 1 * ( - ~ 2 . - S E * S E ) * S I N E + ~ 5 * S E * S I N 2 E ~ + ~ 2 * ~ 2 o * C O S E ~ ~ 5 ~ S E * C O S 2 E ~  
A D R = l o / ( l . - S E * C O S t )  
DAP=ADH*(-Zl*SINE+Z2*CO5E) 
UGP=ADR*(-ZS*SINE+Z6*COSE) 
DBP=3o*(SE*Z l -Z3)+ADR*(  (-(2o-SE*SE)*COSE+SE*COS2E)*Zl 
1 + ( -  2. * 5 I N E + S E * S I N 2 E ) * Z 2 )  
WRITE ( 6 9 2 )  DA,Db,DG9UAP9DbP,DGP 
I F  ( ITHATN- ITRMAX)  1 8 8 , 5 5 9 5 5  
tND 
SUBROUTINE P O R D P Z ( ~ O I ~ I ~ C O , P I O , R I E P )  
B I B F T C  PQRDP2 bECK,M94rXK7 
57 






15 UO 20 J=lrN 
2U IPIVOT(J)=O 
3 U  DO 550 I=lrN 
. c  
C SEARCH FOR PIVOT ELEMLNT 
c 
40 AMAX=O.O 
45 DO 105 J=lrN 
50 I F  (IPIVOT(J)-l) 60r105960 
60 DO 100 K=lrN 
70 I F  (IPIVOT(K)-l) 80r100r740 








C INTERCHANbt ROW5 TO PUT PIVOT ELEMtNT ON DIAGONAL 
C 
130 I F  (IHOW-ICOLUM) 140r260r140 
14U DETtRM=-DtTtRM 
58 
Table C-3 (Continued) 
150 DO 200 L = l r N  
160 SWAP=A( I R O W v L )  
170 A ( I R O W I L ) = A ( I C O L U M , L )  
200 A(ICOLUMIL)=SWAP 
205 I F ( M )  260,2609210 
210 DO 250 L = l , M  
220 S W A P ~ B ( I R O W I L )  
230 B ( I R O W , L ) t ~ ( I C O L U M , L )  
250 B( ICOLUM,L)=SWAP 
260 I N D E X (  1 9 1  )SIROW 
2 7 G  I N D E X ( I , 2 ) = I C O L U M  
310 PIVOT(I)=A(ICOLUM,ICOLUM) 
C 
C D I V I D E  P I V O T  ROW BY P I V O T  ELEMENT 
C 
330 A ( I C O L U M ~ I C O L U M ) = l . O  
340 00 350 L = l r N  
350 A ( I C O L U M , L ) ~ A I I C O L U M , L ) / P I V O T ( I )  
355 1 F ( M )  380936Ur360 
360 DO 370 L = l * M  
370 ~(ICOLUMILJ=~LICOCUMILI/PIVOT(I) 
C 
C REDUCE NON-PIVOT ROWS 
C 
360 00 550 L l = l r N  
390 I F ( L 1 - I C O L U M )  400,550,400 
400 T = A ( L l , I C O L U M )  
420 
430 DO 450 L=1,N 
450 A(Ll,L)=A(Ll,L)-A(ICOLUM*LI*T 
455 I F ( M )  550,55Uv460 
460 DO 500 L = l , M  
500 B ( L l , L l = B ( L l r L ) - B ( I C O L U M , L I + T  
550 C O N T I N U E  
A (  L1, I COLUM )+O.O 
C 
C INTkRCHANGE COLUMNS 
C 
600 DO 710 I = l , N  
610 L=N+l- I  
620 IF ( I N ~ E X ( L , l ) - I N D E X ( L . 2 ) )  630r7101630 
630 J R O W = I N D E X ( L * l )  
640 J C O L U M = I N D k X ( L , 2 )  
650 00 705 . K = l * N  
660 SWAP=A(KvJROW) 
6 70 A ( K  ,JROW) = A  (K 9 JCOLUM 1 
700 A ( K 9 JCOLUM 1 =SWAP 
705 CONTINUE 
710 C O N T I N U E  
00 800 f = l r N  
J=N+l- I 
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